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Abstract—The widely used procedure of estimating post-
operative cup orientation based on a single standard AP
X-ray radiograph is known inaccurate, largely due to the wide
variability in individual pelvic orientation relative to X-ray
plate. CT-based 2D/3D rigid image registration methods
have been developed to measure post-operative cup orienta-
tion. Although encouraging results have been reported, their
extensive usage in clinical routine is still limited. This may be
explained by their requirement of having a CT study of the
patient at some point during treatment, which is not
available for vast majority of Total Hip Arthroplasty
procedures performed nowadays. To address this limitation,
this article proposes a statistically deformable 2D/3D regis-
tration approach for estimating post-operative cup orienta-
tion. No CT study of the patient is required any more.
Compared to ground truths established from post-operative
CT images, the cup orientations measured by the present
technique in a cadaver experiment showed differences of
1.7 ± 1.4 for anteversion and difference of 1.5 ± 1.5 for
inclination. When the present technique was evaluated on
patients’ datasets, differences of 2.2 ± 1.3 and differences of
2.0 ± 0.8 were found for the anteversion and the inclina-
tion, respectively. The experimental results, though still
preliminary, demonstrated the efﬁcacy of the present
approach.
Keywords—Statistical shape model, Point distribution model,
Statistically deformable 2D/3D registration, X-ray radio-
graph, Post-operative cup orientation, Pelvis.
ABBREVIATIONS
THA Total Hip Arthroplasty
AP Antero-Posterior
3D Three-dimensional
2D Two-dimensional
CT Computed Tomography
APP Anterior Pelvic Plane
ASIS Anterior Superior Iliac Spine
SSM Statistical Shape Model
DRR Digitally Reconstructed Radiograph
PDM Point Distribution Model
DICOM Digital Imaging and COmmunication
in Medicine
PCA Principal Component Analysis
LM Lateral-Medial
INTRODUCTION
Proper component positioning is essential for Total
Hip Arthroplasty (THA) in regards to both the short-
term complications and long-term survival
results.1,3,30,34,41,46,58 Previous studies demonstrate that
the higher rates of pelvis osteolysis, the severity of the
polyethylene wear, and the component migration have
all been well associated with the mal-positioning of the
acetabular component,1,3,30,34,41,46,58 and surgical
experience indicates that the mal-orientation of the
acetabular component in terms of anteversion and
inclination is the major cause of disloca-
tion.1,30,34,41,46,58 It is thus very important to develop
an accurate method to measure the post-operative cup
orientation for a reasonable follow-up after THA.
Two-dimensional (2D) anteroposterior (AP) pelvic
radiograph is the standard imaging means for
measuring the post-operative cup orienta-
tion.2,12,22,33,44,51,57 Although it has an inferior
accuracy in comparison to three-dimensional (3D)
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techniques based on Computed Tomography
(CT),2,22,33 it is used routinely because of its simplicity,
availability, and minimal expense associated with its
acquisition. While plain pelvic radiographs are easily
obtained, their accurate interpretations are subjected
to substantial errors if the individual pelvis orientation
with respect to X-ray plate is not taken into consid-
eration.2,22,33 For example, the increased pelvic tilt will
result in signiﬁcant decreases in apparent prosthetic
cup anteversion and vice versa.47 Improved methods of
measuring component positions post-operatively are
essential for the accuracy of studies correlation cup
position to osteolysis, wear, and instability, for evalu-
ation of surgical treatment techniques and treatment
methods, and for our ability to determine optimal
range of the component positioning.
When a CT study of the patient is available at some
point during treatment, CT-based 2D/3D rigid image
registration methods,8,20,28,42,49,64,65 including the
method proposed by my own group,49,64,65 have been
developed to measure the post-operative cup orienta-
tion with respect to an anatomical reference extracted
from the CT images, which is a plane called the
Anterior Pelvic Plane (APP) deﬁned by the Anterior
Superior Iliac Spines (ASIS) and the pubic tuber-
cles.19,26,50 In such methods, a rigid transformation
between the CT data coordinate system and the X-ray
image coordinate system is estimated ﬁrst by per-
forming an intensity-based rigid 2D/3D registration,
which then allows for computing the orientation of the
acetabular cup with respect to the APP extracted from
the CT images.
While accurate,8,20,42,49,64,65 the extensive usage of
the CT-based 2D/3D image registration methods in
clinical routine is still limited. This may be explained
by their requirement of having a CT study of the
patient at some point during treatment, which is not
available for vast majority of THA procedures per-
formed nowadays42 or for earlier cup design. In this
article, a statistical shape mode-based 2D/3D recon-
struction method is proposed to address such a limi-
tation. The basic idea behind the present method is to
formulate the problem of estimating post-operative
cup orientation as a process coupling a radiographic
measurement with a 2D/3D reconstruction, where a
patient-speciﬁc 3D model will be reconstructed from
the X-ray image, thus eliminating the requirement of
having a CT study of the patient.
It is well-known that constructing a patient-speciﬁc
3D model from 2D X-ray image(s) is a challenging
task. A priori information is often required to handle
this otherwise ill-posed problem. Previously, kriging-
based methods,18,21,27,29,36–38,40,43 as well as statistical
shape model (SSM) based methods,5,6,16,24,25,32,45 have
been proposed.
Kriging-based methods start with establishing
image-to-model correspondences by ﬁnding the corre-
sponding anatomical landmarks,18,36,37,43 or contour
points.21,27,29,38,40 The reconstruction is done by ﬁrst
estimating the scale and the rigid transformation of a
generic object with respect to features extracted from
the input images and then applying a kriging algorithm
to deform the generic object to obtain the ﬁnal surface
model.
Instead of using one generic object as the prior
information, the methods in the second category use
statistical shape models obtained from statistical shape
analysis. Statistical shape analysis is an important tool
for understanding anatomical structures from medical
images.14,23,48 Statistical shape models give efﬁcient
parameterizations of the shape variations found in a
collection of sample models of a given population.
Model-based approaches are popular due to their
ability to robustly represent objects.10,55 In the last few
years, constructing a patient-speciﬁc shape model from
a limited number of calibrated X-ray images and
a SSM has drawn more and more atten-
tions.5,6,16,24,25,32,45,60,62,63 Except the method pre-
sented by Sadowsky et al.,45 and the method presented
by Mahfouz et al.,32 which depend on a deformable
2D/3D registration between the digitally reconstructed
radiographs (DRRs) of a SSM and the X-ray images,
all other methods have their reliance on feature-based
statistical instantiation from a Point Distribution
Model (PDM) in common.5,6,16,24,25,60,62,63
Common to all these previous works on
reconstructing a patient-speciﬁc 3D model
from X-ray images are: (a) at least two
images are used5,6,16,18,21,24,25,27,29,32,36–38,43,45,60,62,63;
and/or (b) all images are cali-
brated.5,6,16,18,21,24,25,27,29,32,36–38,40,43,45,60,62,63 How-
ever, in the target application reported in this article,
no radiograph-speciﬁc calibration is available. The
only information that one can assume to know about
the radiograph is the image scale (mm/pixel) and the
distance from the focal point to the imaging plane or to
the ﬁlm (it is called the focal-point-to-ﬁlm distance). As
long as the radiograph is acquired in a standardized
way, which is performed in a clinical routine,12 both
parameters can be retrieved directly from the DICOM
header if the X-ray image is stored in DICOM format
(this is the way how those two parameters were
obtained for all experiments reported in this study), or
can be estimated by performing a one-time calibration
using a calibration object of known size.52 When only a
single image is used, it is well-known that the depth
information and the scaling factor are correlated with
each other. Thus, precise estimation of both of them
from a single image is difﬁcult. However, considering
the context of our application, one can hypothesize
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that even a scaled estimation of the pelvis model
should provide enough information to determine the
post-operative cup orientation. Thus, in this article, a
statistically deformable 2D/3D registration approach
is proposed to instantiate a patient-speciﬁc surface
model of the pelvis from the single standard AP X-ray
radiograph for estimating the post-operative cup ori-
entation.59
METHODS
Problem Formulation
Unlike in previous work,8,20,28,42,64,65 the problem of
estimating the post-operative cup orientation in this
article is formulated as a process coupling a radio-
graphic measurement with a statistically deformable
2D/3D reconstruction, which can be expressed as (see
Fig. 1 for details),
~nAPP ¼ TAPPReconstructedModelR ~nR ð1Þ
where ~nR means the orientation of the cup measured
in the X-ray radiograph coordinate system;
TAPPReconstructedModelR is the transformation between
the local coordinate system of the X-ray radiograph
and a cup orientation measurement coordinate system
deﬁned on the APP of a surface model that is recon-
structed from the radiograph (see Fig. 1 for details). In
order to calculate the post-operative cup orientation
~nAPP; Eq. (1) indicates that one can ﬁrst compute the
cup orientation with respect to the X-ray radiograph
coordinate system and then transform it to the coor-
dinate system deﬁned on the APP of a surface model
that is derived from this X-ray radiograph. When this
formulation is compared to other existing
work,8,20,28,42,64,65 among the advantages such as the
independence of a speciﬁc computer-aided design
(CAD) model of the prosthesis and the elimination of a
radiograph-speciﬁc calibration, the most signiﬁcant
advantage is the elimination of the necessity of pos-
sessing a CT study of the patient for an accurate
measurement of the post-operative cup orientation.
When a surface model has already been recon-
structed from the X-ray radiograph, there already exist
methods for computing ~nR and T
APPReconstructedModel
R :
In this study, the method introduced in Widmer57 was
used to ﬁnd ~nR and the method published in Jaramaz
et al.19 was used to ﬁnd TAPPReconstructedModelR : The
challenge then lies in the derivation of a patient-speciﬁc
surface model from the AP X-ray radiograph, which is
solved by a statistically deformable 2D/3D registration
(see section ‘‘Statistically Deformable 2D/3D Regis-
tration’’ for details).
Construction of the Statistical Shape Model
of the Pelvis
The PDM was chosen as the representation of the
statistical shape model of the pelvis. The pelvic PDM
used in this study was constructed from a training
database consisting of 14 segmented binary volumes
(12 of them were segmented from CT scans of
FIGURE 1. Schematic representation of using a surface model that is reconstructed from a single standard AP X-ray radiograph
for estimating the post-operative cup orientation.
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cadaveric pelvises and the rest 2 were segmented from
CT scans of patient’s pelvises) where the sacrum was
removed from each dataset. After one of the binary
volumes was chosen as the reference, Demon’s algo-
rithm,53 as implemented in MedINRIA,54 was used to
estimate the dense deformation ﬁelds between the ref-
erence binary volume and the other 13 binary volumes.
Each estimated deformation ﬁeld was then used to
displace the positions of the vertices on the reference
surface model, which was constructed from the refer-
ence binary volume, to the associated target volume,
resulting in 14 surface models with established corre-
spondences.
Following the alignment, the PDM was constructed
as follows. Let xi; i ¼ 0; 1; . . . ;m 1 be m (here
m = 14) members in the aligned training population.
Each member is described by a vector xi containing N
vertices:
xi ¼ fx0; y0; z0; x1; y1; z1; . . . ; xN1; yN1; zN1g ð2Þ
The PDM is constructed by applying principal
component analysis (PCA) on these aligned vectors.11
D ¼ 1ðm 1Þ 
Xm1
i¼0
ðxi  xÞ  ðxi  xÞT
P ¼ ðp0; p1; . . . ; pm2Þ; D  pi ¼ r2i  pi
r0  r1      rm2>0
ð3Þ
where x and D represents the mean vector and the
covariance matrix, respectively; fr2i g are non-zero
eigenvalues of the covariance matrix D, and fpig are
the corresponding eigenvectors. The descendingly
sorted eigenvalues r2i and the corresponding eigen-
vector pi of the covariance matrix are the principal
directions spanning a shape space with x representing
its origin. Figure 2 shows the variability captured by
the ﬁrst two modes of variations of the statistical
model.
Statistically Deformable 2D/3D Registration
The single image-based surface model reconstruc-
tion technique proposed in this article is based on a
hybrid 2D/3D deformable registration process cou-
pling a landmark-based scaled rigid registration with
an adapted SSM-based 2D/3D reconstruction algo-
rithm.60,62,63 Different from the situation in previous
work,5,6,16,18,21,24,25,27,29,32,36–38,40,43,45,60,62,63 where
two or more calibrated X-ray images were required as
the input for a successful reconstruction, here only a
single un-calibrated X-ray radiograph is available. In
such a situation, how to establish the projection
geometry of the input radiograph from the known
information (the focal-point-to-ﬁlm distance and the
image scale) and how to initialize the statistical model
with respect to the X-ray image are two main chal-
lenges. In the following, solutions to these two chal-
lenges are ﬁrst presented before I present the statistical
shape model-based 2D/3D reconstruction method.
Establishment of Projection Geometry
The local coordinate frame and the cone-beam pro-
jection model of the AP X-ray radiograph are estab-
lished as follows (see Fig. 3a for details). The image
center is taken as the coordinate origin. The X-axis and
the Y-axis of the image are taken as the X-axis and the
Y-axis of the local coordinate frame, respectively. The
central projection line is perpendicular to the image
plane and its opposite direction is regarded as the
Z-axis of the local coordinate frame.
Landmark-based Scaled Rigid Registration
for Initialization
Initialization here means to estimate the initial scale
and the initial rigid transformation between the mean
model of the PDM and the input radiograph. For this
purpose, an iterative landmark-to-ray scaled rigid
FIGURE 2. The first two eigen-modes of the variations of the PDM of the pelvis. The shape instances were generated by evalu-
ating x þ a  ri  pi with a 2 f2;1; 1;2g.
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registration is adopted. The ﬁve anatomical landmarks
used in the scaled rigid registration are left and right
ASIS, left and right acetabular centers, and the middle
point of the left and right pubic tubercles. Their posi-
tions on the mean model of the PDM are obtained
through point picking (for left and right ASIS, and for
left and right pubic tubercles) or sphere ﬁtting (for left
and right acetabular centers), while their positions on
the radiograph are deﬁned through interactive picking
(for the projections of left and right ASIS, and the
center of the superior pubic symphysis) or circle ﬁtting
(for the projections of left and right acetabular centers)
(see Figs. 3b and 3c for details).
Let me denote those landmarks deﬁned on the mean
model of the PDM, i.e., the left and the right acetabular
centers, the middle point of the left and right pubic
tubercles, and the middle point of the left and right
ASIS, as v1Mean; v
2
Mean; v
3
Mean; and v
4
Mean; respectively, and
their corresponding landmarks interactively picked
from the radiograph as v1Xray; v
2
Xray; v
3
Xray; and v
4
Xray
(v4Xray is the middle point of the projections of the left
and the right ASIS), respectively. And for each X-ray
landmark, one can calculate a projection ray emitting
from the focal point to the landmark. Furthermore, one
can calculate the length between v1Mean and v
2
Mean and
denotes it as l1;2Mean: Using the known image scale, one
can further calculate the length l1;2Xray between v
1
Xray
and v2Xray: The iterative landmark-to-ray scaled rigid
registration consists of two stages.
Stage 1: Data Preparation
In this step, one can assume that the line connecting
the acetabular centers is parallel to the AP pelvic
radiograph plane and is a certain distance away from
the imaging plane (this distance is named as the object-
to-ﬁlm distance and in all the experiments reported in
this article, a ﬁxed object-to-ﬁlm distance of 150 mm
was used). Using this assumption and the correspon-
dences between the landmarks deﬁned in the CT
volume and those from the radiograph, one can
compute two points v1Xray and v
2
Xray on the projection
rays of v1Xray and v
2
Xray; respectively (see Fig. 4a for
details), which satisfy:
v1Xrayv
2
Xray==v
1
Xrayv
2
Xray;
and jv1Xray  v2Xrayj ¼ l1;2Xray 
F d
F
ð4Þ
where ‘‘==’’ is a parallel symbol and ‘‘|Æ|’’ means to
compute the distance of two points; F is the known
focal-point-to-ﬁlm distance; and d is the assumed
object-to-ﬁlm distance.
The current scale s between the mean model and the
input image is then estimated as,
s ¼ jv1Xray  v2Xrayj=l1;2Mean ð5Þ
Using s, one can scale all landmark positions on the
mean model and denotes them as fviMean; i ¼ 1; 2; 3; 4g:
Based on the scaled landmark positions, the distances
from v3Mean and v
3
Mean to line v
1
Meanv
2
Mean are calculated
and are denoted as l 3;12Mean and l
4;12
Mean ; respectively.
Next, one can ﬁnd two points, point v3Xray on the
projection ray of v3Xray whose distance to the line
v1Xrayv
2
Xray is equal to l
3;12
Mean ; and point v
4
Xray on the
projection ray of v4Xray whose distance to the line
v1Xrayv
2
Xray is equal to l
4;12
Mean : A paired-point matching
performed on fviMean; i ¼ 1; 2; 3; 4g and
fviXray; i ¼ 1; 2; 3; 4g is used to calculate an updated
scale s0 and a rigid transformation T
Xray
Mean (see Fig. 4a
for details).56 From now on, one can assume that all
information deﬁned in the mean model coordinate
frame has been transformed into the radiograph
coordinate frame using s0 and T
Xray
Mean : Let me denote
the transformed mean model landmarks as f~viMeang:
Stage 2: Iterative Landmark-to-Ray Registration
In this stage, the following steps are iteratively exe-
cuted until convergence:
FIGURE 3. Schematic views of establishment of the projection geometry for a given AP X-ray radiograph and of the anatomical
landmarks used in the present approach. (a) The radiograph coordinate system and the cone-beam projection model; (b) land-
marks extracted from the mean model of the pelvic PDM; and (c) landmarks interactively picked from a radiograph.
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1. For a point ~viMean; one can ﬁnd a point on the
corresponding projection ray of viXray which
has the shortest distance to the point ~viMean and
denote it as ~viXray (see Fig. 4b for details). A
paired-point matching can then be performed
on the extracted point pairs to compute an
update D~s for the scale and an update D ~TXrayMean
for the rigid transformation.
2. Update the mean model coordinate frame
using D~s and D ~TXrayMean :
Statistical Shape Model-based 2D/3D Reconstruction
The estimated scale and the rigid transformation
between the mean model and the input image are
treated as the starting values for the PDM-based 2D/
3D reconstruction algorithm. This algorithm was ﬁrst
reported in Zheng et al.60,62,63 for reconstructing a
patient-speciﬁc surface model of the proximal femur
from multiple calibrated X-ray images. It is adapted
here for reconstructing a scaled, patient-speciﬁc sur-
face model of the pelvis from a single un-calibrated
X-ray image. As a feature-based 2D/3D reconstruction
approach, this algorithm requires a pre-requisite image
contour extraction. In this study, an interactive pro-
gram was developed to allow the user to deﬁne up to
eight contours by interactively picking points from the
radiograph. The picked points for each contour are
interpolated by a cubic-spline to have the same reso-
lution as the image resolution. This procedure nor-
mally takes 2–4 min. Figure 5 shows an example of the
picked contour points (Fig. 5a) and the interpolated
continuous contours (Fig. 5b).
The extracted contours are then used together with
the initial estimation of the scale and the rigid trans-
formation as the input to the statistical shape model-
based 2D/3D reconstruction scheme, which combines
statistical instantiation and regularized shape defor-
mation with an iterative image-to-model correspon-
dence establishing algorithm. The image-to-model
FIGURE 4. Schematic views of the iterative landmark-to-ray registration. (a) A schematic view of data preparation step; and (b) a
schematic view of how to find 3D point pairs.
FIGURE 5. Interactive contour identification. (a) The interactively picked contour points (green spheres); and (b) the contours
interpolated from the picked points with a cubic-spline (white lines).
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correspondences are established using a non-rigid 2D
point matching process,62 which iteratively uses a
symmetric injective nearest-neighbor mapping opera-
tor and 2D thin-plate splines-based deformation to
ﬁnd a fraction of best matched 2D point pairs between
features extracted from the X-ray images and the
projections of the apparent contours extracted from
the 3D model. The apparent contours of a statistically
instantiated 3D model are extracted using the
approach introduced by Hertzmann and Zorin.17
Previously, it was mathematically proved that the
proposed non-rigid 2D point matching process could
automatically eliminate the cross-matching event,62
which was deﬁned as the interactions between the lines
linking any matched point pair. Figure 6a shows the
mean mode of the pelvic PDM initialized with respect
to the input image using the landmark-based scaled
rigid registration, and the apparent contours extracted
from the mean model. An example of building 2D/2D
correspondences between the image contours and the
projections of the apparent contours of the mean
model is presented in Fig. 6b. The obtained 2D point
pairs are then used to set up a set of 3D point pairs so
that one can turn a 2D/3D reconstruction problem to a
3D/3D one. For details about how the proposed non-
rigid 2D point matching process works and about the
mathematic proof of how the proposed process elimi-
nates the cross-matching event, I refer to the previous
work.62 In the following, the details about how to
convert the 2D/3D reconstruction problem to a 3D/3D
one and how the latter problem is solved are given for
completeness. Figure 6c shows an example of the 2D/
3D reconstruction result.
A. Converting a 2D/3D Problem to a 3D/3D one
Assume that a set of 2D matched point pairs
fðAb; IbÞ; b ¼ 0; 1; . . . ; n 1g have been found, where
Ab is the projection of a point on the apparent con-
tours of a 3D model that is instantiated from the PDM
and Ib is a point on the image contours that is matched
to Ab. The corresponding 3D point pairs are then
constructed as follows (see Fig. 7 for a schematic
illustration). For a 2D point Ib, one can ﬁnd a pro-
jection ray rb emitting from the focal point of the X-ray
image through the point Ib. Additionally, for its mat-
ched point Ab, one knows the associated 3D point Xb
on the apparent contours of the model whose projec-
tion onto the image is Ab. By computing a point vb on
the ray rb that has the shortest distance to Xb, a 3D
point pair (Xb, vb) can be obtained. Combining all
these 3D point pairs, one can establish 2D/3D corre-
spondence between the input image and a 3D model
instantiated from the PDM, and thus convert a 2D/3D
reconstruction problem into a 3D/3D one.
B. 3D/3D Reconstruction
As soon as a set of 3D point pairs are available, the
problem of surface reconstruction is then solved opti-
mally in three stages using the algorithm presented in
Zheng et al.61,62: scaled rigid registration, statistical
instantiation, and regularized shape deformation.
Scaled rigid registration This is the only stage that is
solved iteratively. In this stage, the scale and the rigid
registration transformation between the mean model
of the PDM and the input images are iteratively
determined using an adapted iterative closest point
(ICP) algorithm.7 The difference between this algo-
rithm and the traditional ICP algorithm is that at each
iteration one need to set up a set of new point pairs
using the algorithm for building 2D/3D correspon-
dences.62
Statistical instantiation Based on the estimated scale
and the pose information from the ﬁrst stage, one can
use the same correspondence establishing algorithm to
FIGURE 6. Screenshots of landmark-based initialization, of the establishment of 2D/2D correspondences, and of the 2D/3D
reconstruction result. (a) The mean model of the pelvic PDM (dark gray surface model) initialized with respect to the input image
using the landmark-based scaled rigid registration, and the apparent contours (yellow dots) extracted from the mean model; (b) the
establishment of 2D/2D correspondences between the projections of the apparent contours (yellow) and the extracted image
contours (white). The corresponding points are linked with green line segments for visualization purpose; and (c) an example of
the 2D/3D reconstruction result.
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obtain a set of n 3D point pairs from the input image.
Let me denote the points computed from the image
data as v0 ¼ fv0i ¼ ðx0i; y0i; z0iÞ; i ¼ 0; 1; . . . ; n 1g and
call them the image points. Let me further denote
those points on the mean model of the PDM as
x0 ¼ fxjÞi; 0  j  N 1; i ¼ 0; 1; . . . ; n 1g and call
them the model points, where N is the number of
points on the mean model; n is the number of the
matched point pairs. ðxjÞi means that the jth model
point xj on the mean model x is the closest point to the
ith image point v0i: The statistical instantiation is for-
mulated as the minimization of the following joint cost
function61,62:
Eaðx0;v0;xÞ¼ðqþ log(3nÞÞ Eðx0;v0;xÞþEðxÞ;
x¼ xþP
m2
k¼0
ak rk pk
Eðx0;v0;xÞ¼ð1=nÞ P
n1
i¼0
jjv0iððxjÞiþ
Pm2
k¼0
ak rk pkðjÞÞjj2
EðxÞ¼ð1=2Þ P
m2
k¼0
a2k
 
8
>>>>><
>>>>>:
ð6Þ
where the ﬁrst term Eðx0; v0; xÞ is the likelihood energy
term and the second term EðxÞ is the prior energy term,
used to constrain the estimated shape to a realistic
result. q is a parameter that controls the relative
weighting between these two terms. pk(j) is the jth tuple
(a 3D vector) of the kth shape basis eigenvector.
To determine {ak}, the cost function is differentiated
with respect to the shape parameters and equated to
zero resulting in a linear system of (m 2 1) unknowns,
which can then be solved with standard methods.61 To
generate the surface model from the calculated shape
parameters, I adopted a strategy that was introduced
in Zheng et al.,62 i.e., a cut-off point was set such that
only the ﬁrst few modes before the cut-off point and
their corresponding shape parameters were used in the
model instantiation. For all experiments reported in
this paper, the cut-off point was chosen to be 10. The
reason for choosing this number is that because with
the ﬁrst 10 eigenmodes about 98.0% total amount of
variations of the PDM is explained.
Regularized shape deformation In this stage, one
needs to ﬁrst set up the correspondences between the
input images and a statistically instantiated surface
model that is obtained through solving Eq. (6). To
keep the same notation, let’s assume that the image
points in this stage are v0 ¼ v0i ¼ x0i; y0i; z0i
 
;

i ¼ 0; 1; . . . ; l 1g and that the model points in this
stage are v ¼ fvi ¼ ðxjÞi ¼ ðxi; yi; ziÞ; i ¼ 0; 1; . . . ;
l 1g; where l is the number of the matched point
pairs and (xj)i means that the jth model point xj on the
statistically instantiated model x is the closest point to
the ith image point v0i: The regularized shape defor-
mation is described as a regression problem of ﬁnding
a 3D spatial transform t : <3 ! <3 that minimizes
following cost function,61,62
EðtÞ ¼ ð1=lÞ 
Xl1
i¼0
jjv0i  tðviÞjj2 þ s 
logðmÞ
logð3lÞ  LðtÞ ð7Þ
FIGURE 7. Schematic illustration of computing 3D point pairs between the model and the input image from the established 2D/2D
correspondences.
Statistically Deformable 2D/3D Registration 2917
where s ‡ 0 is a parameter controlling the ﬁtting
quality and the regularization constraint; m is the
number of training surface models; tðvÞ ¼ ftðviÞg are
the results of applying the mapping on the model
points and L(t) is a thin-plate splines based regulari-
zation functional deﬁned on the nonlinear mapping t
and has following form,9
LðtÞ ¼
ZZZ
<3
ðBðtÞÞdxdydz; and
BðÞ ¼ @
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2
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For details about how to solve Eq. (7), I refer to
previous work.61,62
Performance Evaluation
Post-operative X-ray radiographs and post-opera-
tive CT images of ten cadavers (20 hips) and ﬁve
patients (none of them are part of the training popu-
lations) were used in a performance evaluation study.
Two diﬀerent X-ray machines were used to acquire the
X-ray radiographs. The X-ray machine for all ten
cadaveric pelvises were acquired by one X-ray machine
with a focal-point-to-ﬁlm distance of 1200 mm and a
pixel size of 0.143 mm, while the X-ray radiographs for
ﬁve patients were acquired by the other X-ray machine
with a focal-point-to-ﬁlm distance of 1016 mm and a
pixel size of 0.169 mm.
The purpose of the cadaveric pelvis experiment was
to quantitatively evaluate the accuracy and the
robustness of the present approach. For this purpose,
ten cadaveric pelvises and 20 all-polyethylene acetab-
ular components were used. Two studies were per-
formed. The ﬁrst study was conducted on all ten
cadaveric pelvises. For each cadaveric pelvis used in
this study, a post-operative X-ray radiograph and a
post-operative CT scan were acquired after the pros-
theses were implanted in both hips. All X-ray radio-
graphs used in this study were acquired in a
standardized way according to Widmer, who suggested
in his work57 that the coronal plane of the pelvis
should be placed as parallel as possible to the X-ray
ﬁlm. The second study was performed on one cadav-
eric pelvis that was randomly chosen from the ten
pelvises. In this study, besides the post-operative X-ray
radiograph and the post-operative CT scan of the
randomly chosen pelvis that were acquired in the ﬁrst
study, additionally three X-ray radiographs were
acquired from non-standard positions.
A retrospective experiment involving clinical data-
sets of ﬁve patients (two males and three females) who
underwent bilateral (but not simultaneous) primary
THA was used to investigate the feasibility of using the
present approach in clinical routine. Each patient
dataset comprised of a post-operative X-ray radio-
graph and a post-operative CT scan.
The ground truth of each case was obtained from
the associated post-operative CT images using the
‘‘HipMatch’’ program that was introduced in Zheng
et al.65 It starts with the extraction of the APP from the
post-operative CT images by interactively picking
anatomical landmarks such as the left and the right
ASIS and the left and the right pubic tubercles (this
APP was named as ‘‘CT-based APP’’). An anatomical
coordinate system is then established using the four
landmarks following the method introduced in Zheng
et al.64 Furthermore, to estimate the acetabular cup
orientation, one needs to deﬁne the normal to the cup
opening plane, which is done by interactively picking
another three points from the post-operative CT
images using the same program.65 The positions of
these three points are controlled using the three
orthogonal multi-planar reconstruction viewers as
implemented in the ‘‘HipMatch’’ program.65 The ulti-
mate goal is to make sure that all these three points fall
on a plane that is parallel to the plane of the cup
opening. As soon as all landmarks are extracted from
the post-operative CT images, the cup orientation can
be calculated. For details about how to use the ‘‘Hip-
Match’’ program to establish the ground truth for each
case from its associated post-operative CT images, I
refer to Zheng et al.65
According to Murray,39 acetabular cup anteversion
and inclination can be deﬁned in different ways. In this
article, for both the ground truth measurement and the
measurement generated from the present approach, I
used the anatomical anteversion and the radiographic
inclination that were calculated according to the deﬁ-
nitions given by Murray.39 The reason why these par-
ticular angles are chosen is due to their wide usage in
most of the commercial navigation systems.42 Thus, the
radiological anteversion measured from the plain ﬁlm
using the technique described in Widmer57 was con-
verted to the anatomical anteversion using a formula
described by Murray39 for later comparison purpose.
Experiments on both cadaver and clinical datasets
were conducted to evaluate the performance of the
present approach and to compare the accuracy of the
present approach to those of other methods. Speciﬁ-
cally, for each dataset used in the ﬁrst study of the
cadaver experiment and in the patient experiment,
acetabular cup orientation was measured using the
present approach, the CT-based 2D/3D rigid image
registration approach that was described in Zheng
et al.,64,65 and the radiographic measurement method
introduced in Widmer.57 These measurements were
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then compared to ground truths calculated from the
associated post-operative CT images. All measure-
ments were input to Microsoft Excel 2007 (Microsoft
Corporation, Redmond, USA) for statistics. The sig-
niﬁcant level was chosen as a = 0.01.
The situation in the second study of the cadaver
experiment was slightly diﬀerent. Because the three
additional X-ray radiographs of the randomly chosen
cadaver are acquired from non-standard positions,
Widmer’s method cannot be applied directly any
more.57 To investigate the feasibility of using a 3D
model reconstructed from a non-standard X-ray
radiograph for estimating post-operative cup orienta-
tion, here I proposed to perform a surface-based scaled
rigid registration between the model reconstructed
from the non-standard X-ray radiograph and a model
reconstructed from the standard X-ray radiograph of
the randomly chosen pelvis. The transformed model
could then be used together with the standard X-ray
radiograph to estimate the post-operative cup orien-
tation based on the present approach.
Furthermore, when the CT-based 2D/3D rigid
image registration approach64,65 was used to compute
the cup orientation for each case, the transformation
that was obtained from the 2D/3D rigid image regis-
tration allowed one to transform the CT-based APP
from the CT data coordinate system to the X-ray
image coordinate system for a computation of the
pelvic tilt and rotation with respect to the X-ray
imaging table/plate. According to Tannast et al.,50 the
pelvic tilt angle is deﬁned as the difference between the
anatomical coordinate system deﬁned on the CT-based
APP of the pelvis and the plane of the X-ray imaging
table around the pelvic horizontal axis, while the pelvic
rotation angle is deﬁned as the difference between these
two coordinate systems around the pelvic vertical axis.
For details, I refer to Tannast et al.50
RESULTS
Results of the ﬁrst study of the cadaveric pelvis
experiment are presented in Tables 1, 2, and 3. In this
study, the pelvic tilt and rotation angles of the ten
cadaveric pelvis measured by the CT-based 2D/3D
rigid image registration method64,65 are shown in
Table 1. A mean tilt angle of 3.8 ± 6.5 and a mean
rotation angle of 20.4 ± 1.5 were found, which
TABLE 1. The pelvic tilt and rotation angles of the ten cadaveric pelvises measured by the CT-based 2D/3D
rigid image registration method.64,65
Cadavers #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Mean ± STD
Tilt () 10.3 28.6 20.1 5.7 8.5 9.1 25.7 4 7.9 6.4 3.8 ± 6.5
Rotation () 0.1 21.4 20.2 22.9 20.9 21.9 20.1 0.5 20.1 2.7 20.4 ± 1.5
TABLE 2. Absolute estimation errors when different methods were used to measure the cup orientations
(n 5 20).
Angle Mean ± STD () Minimum Error () Maximum Error ()
Absolute estimation errors when the radiographic measurement method57 was used
Inclination 2.5 ± 2.5 0.3 8.0
Anteversion 5.6 ± 3.6 1.0 11.4
Absolute estimation errors when the present approach was used
Inclination 1.5 ± 1.5 0.1 5.5
Anteversion 1.7 ± 1.4 0.1 5.0
Absolute estimation errors when the CT-based 2D/3D registration method64,65 was used
Inclination 1.0 ± 0.6 0.0 2.1
Anteversion 1.1 ± 0.9 0.1 2.5
TABLE 3. The paired two-tailed t-test results when the errors of different methods were compared to each
other (n 5 20).
Comparisons
Errors of the present
approach vs. Errors
of the radiographic
measurement method57
Errors of the present
approach vs. Errors of the CT-based
2D/3D registration approach64,65
p-Value of inclination observation 0.11 > 0.01 0.05 > 0.01
p-Value of anteversion observation 0.0003 < 0.01 0.10 > 0.01
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conﬁrmed that all radiographs used in this study were
acquired in a standardized way. Taking the measure-
ments obtained from the post-operative CT images as
the ground truths, the absolute errors when different
approaches were used to measure the post-operative
cup orientations are presented in Table 2. When the
radiographic measurement method as introduced in
Widmer57 was used, errors of 5.6 ± 3.6 were found
for the anteversion and errors of 2.5 ± 2.5 were found
for the inclination (see Table 2 for details). When the
present approach was used, the errors were changed to
1.7 ± 1.4 for anteversion and 1.5 ± 1.5 for inclina-
tion (see Table 2 for details). When the CT-based 2D/
3D rigid image registration approach64,65 was used,
errors of 1.1 ± 0.9 were found for the anteversion and
errors of 1.0 ± 0.6 were found for the inclination (see
Table 2 for details), which were slightly better than the
results obtained with the present approach. When the
measurement results obtained by these three
approaches were compared to each other, it was found
that the measurement results obtained by the
CT-based 2D/3D registration approach64,65 had the
smallest average errors for both the anteversion and
the inclination and that the measurement results
obtained by the method introduced in Widmer57 had
the largest average errors for both the anteversion and
the inclination. To determine whether the differences
are statistically signiﬁcant, a paired two-tailed t-test
was used. Table 3 shows the test results. It was found
that the improvement of the present approach over the
radiograph-based method57 on measuring the post-
operative cup anteversion was statistically signiﬁcant
(p = 0.0003< 0.01), while the improvement of the
present approach over the radiograph-based method57
on measuring the post-operative cup inclination was
not (p = 0.11> 0.01). When the results obtained by
the present approach were compared to those obtained
by the CT-based 2D/3D registration approach,64,65 it
was found that the differences between these two
measurement results were not statistically signiﬁcant
for both the anteversion (p = 0.10> 0.01) and the
inclination (p = 0.05> 0.01).
Results of the second study of the cadaveric pelvis
experiment are described in Tables 4 and 5. This study
was performed on the datasets of the randomly chosen
cadaver pelvis, i.e., Cadaver #2. Table 4 shows the tilt
and rotation angles of the pelvis at each image acqui-
sition position. They were measured by the CT-based
2D/3D rigid image registration method.64,65 A mean
tilt angle of 214.9 ± 17.5 and a mean rotation angle
of 20.6 ± 23.2 were found. Although three of the
four X-ray radiographs of the pelvis were acquired
from non-standard positions, the present 2D/3D
reconstruction approach could successfully reconstruct
a scaled, patient-speciﬁc 3D model from each image.
Figure 8 shows the four X-ray radiographs (Fig. 8a)
and screenshots of the corresponding 2D/3D recon-
struction results (Fig. 8b). After a model reconstructed
from one of the non-standard X-ray radiograph was
matched to the model reconstructed from the standard
X-ray radiograph, it could be used together with the
standard X-ray radiograph (Image #1) to measure the
cup orientation based on the present approach. The
absolute errors on estimating the cup orientation based
on the reconstructed 3D models are presented in
Table 5. Errors of 2.5 ± 1.2 were found for the
anteversion and errors of 1.4 ± 1.1 were found for the
inclination. The results on measuring the cup ante-
version in this study were slightly less accurate than
those obtained in the ﬁrst study, where only the X-ray
radiographs acquired from the standard positions were
used.
Results of the patients’ pelvis experiment are pre-
sented in Tables 6 and 7. The tilt and rotation angles of
each patient’s pelvis measured by the CT-based 2D/3D
rigid image registration approach64,65 are shown in
Table 6. A mean tilt angle of 210.6 ± 14.1 and a
mean rotation angle of 0.1 ± 0.9 were found, which
demonstrated that although surgeons were asked to
place the coronal plane of each patient’s pelvis to be as
parallel as possible to the X-ray ﬁlm, it was difﬁcult,
TABLE 4. The tilt and rotation angles of the pelvic at each
image acquisition position measured by the CT-based 2D/3D
rigid image registration approach.64,65
Images Image #1 Image #2 Image #3 Image #4 Average
Tilt () 28.6 239.3 213.3 1.8 214.9 ± 17.5
Rotation
()
21.4 0.1 27.8 229.0 20.6 ± 23.2
TABLE 5. Absolute errors on estimating the cup orientation based on one of the reconstructed 3D models and the standard X-ray
radiograph (Image #1).
Reconstructed model
Model from
image #1
Model from
image #2
Model from
image #3
Model from
image #3
Average
Side Left Right Left Right Left Right Left Right Not Applied
Inclination () 0.9 0.1 1.9 1.3 3.3 2.2 0.3 1.1 1.4 ± 1.1
Anteversion () 3.7 1.2 3.9 3.8 2.4 0.9 1.6 2.5 2.5 ± 1.2
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if it was not impossible, to control the exact orientation
of the pelvis, specially the pelvic tilt angle. Taking the
measurements obtained from the post-operative CT
images as the ground truths, the absolute errors when
different approaches were used to measure the post-
operative cup orientations are presented in Table 7.
When the radiograph-based method57 was used, errors
of 4.2 ± 2.8 were found for the anteversion and errors
of 2.6 ± 1.8 were found for the inclination. When the
results measured by the present approach were com-
pared to their associated ground truths, differences of
2.2 ± 1.3 were found for anteversion and differences
of 2.0 ± 0.8 were found for the inclination. When the
CT-based 2D/3D registration approach64,65 was used,
the differences were reduced to 1.3 ± 0.8 for antever-
sion and 1.0 ± 0.5 for inclination, respectively.
FIGURE 8. X-ray radiographs acquired from both standard and non-standard positions, and the corresponding 2D/3D recon-
struction results. (a) The four X-ray radiographs used in the second study of the cadaver experiment. Except the first image that
was acquired in a standard position, all other three images were acquired from non-standard positions; and (b) the corresponding
2D/3D reconstruction results.
TABLE 6. The tilt and rotation angles of each patient’s pelvis measured by the CT-based 2D/3D rigid image
registration approach.64,65
Patients
Male_01,
right cup
Female_01,
left cup
Female_02,
right cup
Female_03,
Right cup
Male_02,
Right cup Average
Tilt () 225.0 216.6 1.8 220.0 6.9 210.6 ± 14.1
Rotation () 1.1 0.0 0.1 0.8 21.3 0.1 ± 0.9
TABLE 7. Absolute estimation errors when different methods were used to measure the cup orientations.
Patients
Male_01,
right cup
Female_01,
left cup
Female_02,
right cup
Female_03,
Right cup
Male_02,
Right cup Average
Estimation errors when the radiographic measurement method57 was used
Inclination () 0.4 4.6 2.1 1.6 4.1 2.6 ± 1.8
Anteversion () 0.4 8.1 4.9 4.3 3.3 4.2 ± 2.8
Estimation errors when the present approach was used
Inclination () 0.8 2.9 2.0 2.2 2.0 2.0 ± 0.8
Anteversion () 1.5 1.7 4.4 2.2 1.2 2.2 ± 1.3
Estimation errors when the CT-based 2D/3D registration approach was used64,65
Inclination () 0.8 0.7 0.7 1.2 1.8 1.0 ± 0.5
Anteversion () 0.5 1.2 2.5 0.8 1.3 1.3 ± 0.8
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DISCUSSIONS
Accurate assessment of the cup orientation is
important for evaluation of outcome after THA, but
the inability to measure cup orientation accurately on
standard AP X-ray radiographs limits one’s ability to
determine optimal cup orientations, to assess new
treatment methods for improved cup placement during
surgery, and to correlate the cup orientation to oste-
olysis, wear, and instability. Therefore, the goal of the
present study is to develop and to validate a novel
statistically deformable 2D/3D registration approach
in order to calculate post-operative cup orientation
from a single standard AP X-ray radiograph via a
patient-speciﬁc 3D model of the pelvis. The results of
the experiments that were conducted on datasets of ten
cadavers (20 hips) and ﬁve patients demonstrated that
the present technique was apparently more accurate
than the simple radiographic measurement method,
especially on measuring cup anteversion, where a sta-
tistically signiﬁcant diﬀerence was found. Compared to
the CT-based 2D/3D registration approach,64,65 the
present technique was slightly less accurate but the
differences were not statistically signiﬁcant.
The advantages and the disadvantages of the four
diﬀerent methods that are used nowadays to measure
the post-operative cup orientation are summarized in
Table 8. From this table, one can see that there are
several advantages of the present technique over other
methods for measuring the post-operative cup orien-
tation. Several studies,2,22,33,42,49,64,65 including the one
presented in this article, have shown that the radio-
graphic measurement methods, though easy to use,
cannot produce accurate results, especially for the
anteversion measurements, due to the wide variability
in individual pelvic orientation relative to X-ray plate
during image acquisition. Previous studies42,64
reported that the errors in measuring the cup ante-
versions with the radiographic measurement method
could be as high as 20. On the other side, post-oper-
ative CT-based methods, which are regarded as the
most reliable methods for measuring post-operative
cup orientation,2,4,22,31,33 are not widely be used in
clinical routine because they require not only the
additional expense but also the additional radiation
doses to the patient. The recently introduced CT-based
2D/3D rigid image registration methods8,20,28,42,64,65
have shown reasonably accurate results in calculation
of post-operative cup orientation. But again, their
extensive usage in clinical routine is still limited, largely
due to the requirement of having a CT study of the
patient at some point during treatment, which brings in
the radiation issue. Furthermore, it is questionable
whether the CT would be available for vast majority of
THA procedures performed nowadays.42 In contrast,
the present technique only requires a single standard
post-operative AP X-ray radiograph to reconstruct the
patient-speciﬁc surface model of the pelvis and to
calculate the post-operative cup orientation. No CT
study of the patient is needed any more, which elimi-
nates the radiation issue. This has a clear medical and
also economical advantage in the clinical setting.
As a limitation of the present study, one has to
discuss taking the one-time post-operative CT-based
measurement as the ground truth. Previously, several
studies2,4,22,31,33 have suggested that CT-based meth-
ods seem to be the most reliable method for non-
invasive post-operative assessment of the acetabular
cup orientation with experienced and trained observ-
ers. Nevertheless, intra- and inter-observer variability
is still present.31 However, the inﬂuence of such vari-
ability on the results could not be determined with the
present study setup.
It is worth noting that a scaled, patient-speciﬁc
surface model can be reconstructed by the present
approach from a single conventional X-ray radio-
graph, which was previously regarded by Metz and
Fencil35 as an imaging method that does not provide
information concerning the object’s 3D structure. The
reasons why the present approach works could be
explained brieﬂy as follows. Although all the edge
points used in the 2D/3D reconstruction are taken from
one imaging plane such that they do not contain any
depth information along the projection direction, the
image-to-model correspondence establishing process in
the present approach, however, converts those planar
2D edge points to a set of 3D points with different
depths along the projection direction (see Fig. 7 for an
illustration). The sophisticated 2D/3D reconstruction
technique as presented in this article then iteratively
alternates the correspondence establishing and the
parameter optimization procedures (more speciﬁcally,
at different stages, different parameters are optimized:
afﬁne transformation parameters in the scaled rigid
registration stage, statistical shape coefﬁcient parame-
ters in the statistical instantiation stage and the non-
linear shape deformation parameters in the regularized
shape deformation stage) such that a patient-speciﬁc
surface model can be reconstructed from the single
X-ray radiograph up to an unknown scale factor. For
the application reported in this article, not knowing the
exact scale factor is not an important issue because only
cup orientation is the interest. The results of the post-
operative cup orientation measurement experiments
that were conducted on datasets of ten cadavers (20
hips) and ﬁve patients conﬁrmed this conclusion.
A more careful look of the three-stage reconstruction
technique shows that at each stage the exact depth
assigned to each selected edge point is dependent on the
image-to-model correspondence establishing process
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as well as on the prior model that is used in the
process, i.e., the mean model of the PDM in the ﬁrst
two stages or a surface model statistically instantiated
from the PDM in the last stage. If one neglects the
scaling effect between the assigned depths and the
associated true depths, one can say to a certain extent
that the PDM encodes the depth information for each
selected point in the X-ray radiograph. Furthermore,
the surface model obtained after the statistical
instantiation stage contains more patient-speciﬁc
information than the mean model of the PDM such
that it allows for a more accurate depth assignment.
This is also the reason why unlike previous attempts
to instantiate a surface mode from a statistical shape
model,5,6,16,24,25,32,45 one additional regularized shape
deformation stage is added to the statistical instanti-
ation to further reﬁne the statistically instantiated
surface model. Thus, the ability of the present
approach in determining a scaled, patient-speciﬁc 3D
surface model from a single projection image is, to a
large extent, attributed to the combination of the
statistical shape model, which contains the prior
knowledge about the underlying 3D structure, with
the sophisticated 2D/3D reconstruction technique.
The diﬀerences between the present technique
and other published work21,25,36,45 on reconstructing a
TABLE 8. Advantages and disadvantages when different methods were used to estimate post-operative cup orientation.
Methods Advantages Disadvantages
Post-operative CT images-based
method
The most accurate method among all
four methods
CT-acquisition is not part of the standard
diagnostics and treatment protocol for
every patient. Furthermore, for a
long-term follow-up, one has to
acquire many CT scans, which involve
additional cost and radiations to the
patient as well as additional logistic
effort to the clinics.
CT-based 2D/3D rigid image
registration method
Less accurate than the post-operative
CT images-based method but more
accurate than other two methods;
Furthermore, it only needs a CT study
of the patient at some point during the
treatment
CT-acquisition is not part of the standard
diagnostics and treatment protocol for
every patient. It can be applied to a
long-term follow-up as long as a CT
study of the patient at some point
during the treatment is available.
However, it cannot be applied to the
situations such as retrospective
studies or studies involving an earlier
cup design when there is no CT study
available.
The radiograph-based method Radiograph acquisition is part of the
standard diagnostics and treatment
protocol. It is used routinely because
of its simplicity, availability, and
minimal expense associated with its
acquisition
The least accurate method among all
four methods. Several stud-
ies,2,22,33,42,49,64,65 including the one
presented in this article, demonstrate
that the radiograph-based method
cannot produce accurate results,
especially for the anteversion
measurement. Previous studies42,64
reported that the errors in measuring
the cup anteversion with the radio-
graph-based method could be as high
as 20.
The present approach No CT study of the patient is required for
a true 3D measurement of the post-
operative cup orientation. It has the
same advantage as the radiograph-
based method but with much higher
measurement accuracy. Thus, it can
be applied to all kinds of situations.
Furthermore, the scaled, patient-
specific 3D model derived from the
single X-ray image can play an
important role in planning and
supporting various computer assisted
surgical procedures
Slightly less accurate than the post-
operative CT images-based method
and the CT-based 2D/3D rigid image
registration method. It also requires
the clinician to interactively define
the contours from the input X-ray
image. This procedure normally
takes two to four minutes.
Statistically Deformable 2D/3D Registration 2923
patient-speciﬁc surface model of the pelvis from X-ray
image(s) should be discussed. To the best knowledge of
the author, this may be the ﬁrst work on using a scaled,
patient-speciﬁc surface model of the pelvis derived from
a single standard AP X-ray radiograph for estimating
the post-operative cup orientation. In contrast, previ-
ous studies on reconstructing a patient-speciﬁc surface
model of the pelvis focus on evaluating the overall
surface model reconstruction accuracy21,25,36,45 and/or
on evaluating the 3D morphometry reconstruction
accuracy.36 Both the work presented by Sadowsky
et al.45 and the work presented by Lamecker et al.25 use
a SSM of the pelvis and are only evaluated by per-
forming leave-one-out studies on simulated images,
whose projection parameters are assumed to be known.
When three simulated C-arm views were used,
Sadowsky et al.45 reported a mean accuracy of 2.0 mm.
An intensity-based deformable 2D/3D registration was
used in their paper to match a SSM of the pelvis with
the input simulated C-arm views, which might be time-
consuming. Using two simulated X-ray radiographs in
a leave-one-out study, Lamecker et al.25 reported a
mean accuracy of 2.4 mm. However, their method asks
for a clear contour identiﬁcation from the AP and the
lateral-medial (LM) X-ray radiographs. Although it is
possible to identify contours from the simulated LM
X-ray radiograph where no surround soft tissues are
presented, it will be deﬁnitely a challenge to identify
contours from a real LM X-ray radiograph of a patient
in a clinical setup, due to the poor image quality caused
by superimposition of left and right pelvic structures
with the surrounding soft tissues. The same challenge
can also be posted to the method presented by Mitton
et al.,36 where 2D anatomical points and contours
interactively identiﬁed from bi-planar radiography are
used in a kriging method to deform a generic surface
model, which in the best case scenario is equivalent to
the mean model of a SSM. Recently, Kadoury et al.21
presented a kriging method for reconstructing a surface
model of the pelvis from uncalibrated bi-planar X-ray
images. However, the accuracy of their method
depends on the accuracy of a manual landmark iden-
tiﬁcation process, as they use a self-calibration algo-
rithm that is based on the minimization of landmark
re-projection errors. In contrast, the present approach
only uses the anatomical landmarks to estimate an
initial scaled rigid transformation. The exact rigid and
non-rigid transformations between the image contours
and the SSM of the pelvis are estimated through an
iterative optimization procedure.
While accurate, the present approach has limita-
tions. Although the present approach is applicable to
all types of bearing, the precondition of the implant
that can be measured by the present approach should
have a circular opening surface of the acetabular cup.
The second limitation is due to the fact that Widmer’s
method57 is used to calculate the cup radiographic
version from the plain radiograph. The assumption
behind Widmer’s method57 is that the X-ray radio-
graph should be acquired in a standardized way. As
demonstrated by the experimental results, although the
2D/3D reconstruction approach can reconstruct a
scaled, patient-speciﬁc model even from an X-ray
radiograph acquired in a non-standard position, the
present approach cannot be used directly to measure
the post-operative cup orientation from the non-stan-
dard X-ray radiograph. Nevertheless, such a limitation
can be addressed either by correcting radiographic cup
version using the method presented by Tannast et al.51
or by performing a rigid 2D/3D registration between
the CAD model of the cup and the X-ray radiograph
as done in the references.8,20,42 The third limitation is
that the present approach in its current form only
measures the acetabular cup orientation. Thus, more
work needs to be done to support the combined
anteversion technique.13 The last limitation discussed
here is related with the number of training models used
to construct the statistical shape model and the number
of cases used to validate the present approach. From
above analysis on how the present approach works,
one can conclude that the scaled reconstruction accu-
racy is mainly dependent on the depth assignment
accuracy. The accuracy of such an assignment, how-
ever, depends not only upon how accurate the image-
to-model correspondences can be established but also
upon how well the unknown, patient-speciﬁc shape
variation can be covered by the statistical shape model
that is constructed from a ﬁxed number of training
models. Although the image-to-model correspondence
establishing process has been thoroughly validated in
the previous works59,60,62,63 as well as in the present
work, the statistical shape model used in the present
study was only constructed from 14 pelvises with
mixed gender. Furthermore, the validation of the
present approach, though successful, was only con-
ducted on datasets of ten cadaver pelvises and ﬁve
patient pelvises. Thus, the results reported in this
article are regarded still preliminary and more thor-
ough validation study is needed before it can be
transferred to clinical routine usage. Nonetheless, the
experiment results from the present study demonstrate
the efﬁcacy of the present approach and the prediction
power of the present approach can be enhanced in the
future by incorporating more training models into the
statistical shape model and/or by constructing a
patient-oriented statistical shape model. One of the
future directions that are worth to explore is to inves-
tigate whether a patient-oriented statistical shape model
(e.g., a patient’s gender-oriented statistical shapemodel)
will improve the accuracy of the present approach.
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SUMMARY AND CONCLUSIONS
In summary, this article presents a statistically
deformable 2D/3D registration approach for estimat-
ing post-operative cup orientation from a single stan-
dard AP X-ray radiograph. When compared to the
existing work,8,20,28,42,64,65 among the advantages such
as the independence of a proprietary CAD model of
the prosthesis and the elimination of a radiograph-
speciﬁc calibration, the most signiﬁcant advantage of
the present approach is the elimination of the necessity
of possessing a CT study of the patient for an accurate
measurement of the post-operative cup orientation.
Thus, the technique presented in this article is more
appropriate for long-term retrospective studies. The
results of the preliminary experiments, performed on
datasets of ten cadavers (20 hips) and of ﬁve patients,
though preliminary, demonstrated its accuracy and the
reliability. Thus, it is expected that the present tech-
nique, when thoroughly validated, can be used as a
valuable tool to provide evidence-based information
for evaluating surgical technologies (e.g., surgical
navigation) and implant design. Furthermore, patient-
speciﬁc surface models play important roles in plan-
ning and supporting various computer assisted surgical
procedures. The present technique requires only one
AP pelvic X-ray radiograph, which is part of the
standard diagnostics and treatment loop in clinical
routine,12,15 to derive a scaled, patient-speciﬁc surface
models of the pelvis. Besides the application to the
estimation of the post-operative cup orientation, the
2D/3D reconstruction approach as presented in this
article holds the potential to open ways for more cost-
effective planning and treatment of pelvic diseases.
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